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ABSTRACT 
 
Urbanization is progressing worldwide, with approximately 50% of the Earth’s population currently 
living in urban areas, and this number is expected to increase to 60% by 2025. In Finland, as well as 
anywhere else, the population is gathered in the cities. At the moment, over 80% of Finns are living 
in urban areas. Urban areas are also known to produce a significant load of various pollutants to the 
surrounding environment. One of the significant forms of urban-derived pollutants emission to the 
surrounding environment is surface runoff. Pollution in urban surface runoff often comes from non-
point sources, including motor vehicle emissions, coal and wood burning, tire wear, coal tar, 
creosote and asphalt leaching, oil spills, and runoff from building sites and other surfaces. 
 
Our research was focused on distribution and toxicity of polycyclic aromatic hydrocarbons (PAHs), 
polychlorinated biphenyls (PCBs) and oil hydrocarbons. Previous studies in other countries 
indicated that above mentioned pollutants are often present in sediments adjacent to urban areas, 
may be toxic to aquatic life and recognized as priority pollutants for stormwater. In our study, 
notable amounts of hydrophobic organic compounds were found in the Lake Vesijärvi sediments 
and water column as well is in stormwater, urban air and runoff sediment from stormwater traps. 
Contaminant concentrations in the lake tended to decline with the distance from the urban shore. 
 
Toxicity of the sediments, determined with luminescence bacteria test was found to be lower in the 
Lake Vesijärvi than in the stormwater wells, however no clear gradient with the distance from the 
urban shore was found.  In urban area degree of contamination and toxicity of the sediments 
depended on traffic intensity in the area. Toxicity of the both lake and stormwater well sediments 
was also found to correlate partly with organic contaminant content of the samples. 
 
These findings suggest that runoff from Lahti urban area has a notable impact on the Lake Vesijärvi 
condition. Comparison with Finnish contaminated soil guideline values displayed that present 
contaminant concentrations might be harmful for the natural ecosystem. It indicates that 
hydrophobic organic pollutants are important contributors to the Lake Vesijärvi sediment 
contamination and their inputs should be regularly monitored in order to avoid possible decline in 
the lake sediment quality. 
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ANT  anthracene 
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PYR  pyrene 
RS  sampling rate 
r2  correlation coefficient 
SPMD  semipermeable membrane device 
T  exposure time 
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1. INTRODUCTION 
 
Urbanization is progressing worldwide, with 
approximately 50% of the Earth’s population 
currently living in urban areas, and this 
number is expected to increase to 60% by 
2025 (Pickett et al., 2001). In Finland, as well 
as elsewhere, the population is gathered in the 
cities. At the moment, over 80% of Finns live 
in urban areas. Urban ecosystems, unlike 
natural ones, do not effectively retain 
nutrients and other compounds. As a result, 
they easily leak out potential pollutants in the 
form of stormwater runoff, direct surface 
runoff and atmospheric deposition. In general, 
the runoff process in urban areas is more 
rapid compared to natural areas, creating 
higher peak flows and consequently 
increasing the capacity for transporting 
particulate substances and associated 
pollutants (Butler and Davies, 2004). 
 
1.1 Environmental effects of urbanization 
and surface runoff quality 
 
Urbanization effects are versatile and often 
significant. Urbanization transforms 
landscapes and natural habitats, affects 
biodiversity and ecosystem productivity, and 
changes watershed discharge characteristics 
and biogeochemical cycles (Grimm et al., 
2000; Jenerette and Wu, 2001; Pickett et al., 
2001; McKinney, 2002; Kaye et al., 2006). 
Abiotic conditions, such as atmospheric 
chemistry, climate and soil properties, can 
also be altered in urban areas (Lovett et al., 
2000; Pouyat et al., 2002; Kalnay and Cai, 
2003; Hope et. al, 2003; Pataki et al., 2003). It 
has previously been shown by a number of 
studies that air temperatures (Karl et. al., 
1988; Jones et al., 1990), atmospheric carbon 
dioxide concentrations (Pataki et al., 2003) 
and nitrogen deposition (Lovett et al., 2000) 
are increased in urbanized regions compared 
to their rural surroundings. These factors are 
also known to be major drivers of global 
climate change. It has been recognized that 
anthropogenic forcing is at least partially 
responsible for the recent warming (IPCC, 
2007). 
 
Urban areas are also known to produce a 
significant load of various pollutants to the 
surrounding environment. Urbanization 
enhances the environmental load occurring 
from fall-out, traffic, building activities, 
industries, waste treatment, plant protection 
and animal waste. Amongst the major 
problems of industrial countries are small 
particle and pyrogenic (combustion-derived) 
compound emissions from vehicles and 
manufacturing processes, leaching of 
chemicals from road pavements, building 
sites and other surfaces, as well as the load of 
nutrients originating from animal waste and 
wastewater overflows. One of the significant 
forms of urban-derived pollutant emission to 
the surrounding environment is surface runoff 
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(Novotny, 2002). In urban areas, human 
development such as roads, pavements, and 
commercial and residential structures 
significantly impact on the hydrological cycle 
due to the increased coverage of impermeable 
surfaces. This leads to less evapotranspiration, 
less groundwater production and an increased 
volume of runoff reaching receiving water 
bodies. In northern areas, a significant part of 
the annual precipitation occurs in the form of 
snow, which might be stored and accumulated 
within the catchment or redistributed by 
turbulence or by snow handling practices such 
as removal, transportation and storage 
(Westerlund, 2007). Frozen ground and 
lowered infiltration possibilities during the 
winter season lead to an increase in the area 
contributing to snowmelt runoff compared to 
rainfall runoff, and consequently to a growth 
in the amounts of pollutants and quantity of 
runoff during the melting period (Bengtsson, 
1984; Bengtsson and Westerström, 1992). 
Large amounts of snow are often removed 
from the urban ground and collected at the 
snow dumping sites situated in the vicinity of 
the cities.  Melt waters from the snow 
dumping sites percolate the ground or flow 
into water bodies, carrying along substances 
accumulated during the winter (Westerlund, 
2007). 
 
Urbanization brings significant changes not 
only to the quantity of surface runoff, but also 
its quality. Depending on the type of land use 
within an urban area, different types and 
amounts of pollutants will be present in the 
runoff (Viklander, 1998; Goonetilleke et al., 
2005). Pollution in urban surface runoff often 
comes from non-point sources, including 
motor vehicle emissions, coal and wood 
burning, tire wear, coal tar, creosote and 
asphalt leaching, oil spills, and runoff from 
building sites and other surfaces (Novotny, 
2002). The significance of industrial and 
household wastewater pollution sources has 
recently been reduced by advanced methods 
of wastewater treatment, and the relative 
importance of surface runoff in aquatic 
contamination has increased. Urban surface 
runoff, as well as water bodies and sediments 
adjacent to urban areas, is frequently 
contaminated with suspended solids, oxygen-
consuming compounds, nutrients, bacteria, 
hydrocarbons and heavy metals (Hvitved-
Jakobsen and Yousef, 1991; Ngabe et al., 
2000; Rossi et al., 2004; Stout et al., 2004; 
Stein et al., 2006). These often have a 
significant adverse effect on aquatic systems 
and may bioaccumulate in biota (White and 
Triplett, 2002; Bay et al., 2003; Schiff et al., 
2003; Goncalvez et al., 2008). In many 
countries, surface runoff has been 
demonstrated to have a significant effect on 
the contamination of surrounding aquatic 
systems. Despite the fact that 80% of Finns 
live in urban areas, Finnish law does not 
demand the cleaning of surface runoff and 
there are no limits set on its purity. In 
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Stockholm, for example, the purification of 
surface runoff containing high concentrations 
of pollutants is already required.  
 
The city of Lahti in southern Finland has 
approximately 100 000 inhabitants and is a 
growing mid-sized Nordic urban area. The 
population density in central areas varies 
between 100–350 and in mid- and suburban 
areas between <20–150 inhabitants per 
hectare. It abuts on Lake Vesijärvi, which is 
an important provider of recreational and 
fishing activities in the region. Although 
nutrient concentrations in the lake have been 
monitored for years, there is insufficient 
knowledge of the amounts and fate of organic 
contaminants. The majority of the surface 
runoff discharge in Lahti is generated from a 
few large urban watersheds (altogether 
approximately 350 ha), from where water is 
collected via a separate sewer network and 
directed to Lake Vesijärvi. Another discharge 
source is River Joutjoki, a mostly rebuilt mid-
urban stream, which returns power plant 
cooling waters originally extracted from Lake 
Vesijärvi. As a Nordic area, Lahti receives a 
notable amount of snowfall during winter 
months (October to April), which may result 
in stormwater overflows and pollution peaks 
during the snowmelt period. Industrial 
impacts on the Lake Vesijärvi ecosystem 
should not be underestimated, either. A 
sawmill and plywood, cardboard, yeast and 
furniture factories, as well as the metal 
industry and a railway station have all 
functioned in the vicinity of the Vesijärvi 
shore during the last 50 years. Traffic 
intensity in the Lahti city centre in 2010 
varied between 15 000 and 30 000 vehicles 
per day, while in the suburban area it was 
under 10 000 vehicles per day (Lahti regional 
traffic research report 2010).   
  
1.2 Hydrocarbons in the surface runoff 
 
According to many studies, water bodies and 
sediments adjacent to urban areas are 
frequently contaminated with hydrophobic 
organic pollutants such as polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated 
biphenyls (PCBs) and oil hydrocarbons 
(Ngabe et al., 2000; Stout et al., 2004; Rossi 
et al., 2004; Stein et al., 2006). They are 
increasingly recognized as a hazard to aquatic 
life, particularly in areas with intense 
anthropogenic activity (Al-Mutairi et al., 
2008; Tang et al., 2011, Bay et al., 2003; 
Shiff et al., 2003). PAHs are ubiquitous in the 
environment and also formed during natural 
processes, including forest fires and rock 
weathering (Blumer and Youngblood, 1975; 
White and Lee, 1980), while PCBs are not 
naturally present in the environment and their 
concentrations are only associated with 
anthropogenic uses (Hutzinger et al., 1979; 
United Nations Environment Program 1999). 
Petroleum hydrocarbons in urban areas have 
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been reported to be primarily associated with 
used crankcase oil (Brown et al., 1985; 
Latimer et al., 1990). 
 
1.2.1 Polycyclic aromatic hydrocarbons 
(PAHs) 
 
PAHs are comprised of hundreds of 
individual substances (Douben, 2003). 
Composed of carbon and hydrogen, their 
structure includes two or more benzene rings 
and may contain other fused ring structures 
(Fig. 1). These compounds usually occur as 
mixtures. They are classified as persistent 
organic pollutants (POPs) (Wania and 
McKay, 1996), and certain PAHs have been 
shown to be mutagenic and carcinogenic 
(Alexander and Alexander, 1999). The 
physical and chemical characteristics of PAHs 
vary in relation to the molecular weight, 
which affects their distribution and fate in the 
environment. The general physical/chemical 
properties of PAHs include high melting and 
boiling points, a low vapour pressure, and 
very low water solubility, especially with 
increasing molecular mass (ATSDR, 1995; 
Douben, 2003). Thus, these compounds tend 
to partition to organic carbon, fat in tissues, 
and particles in air, soil and water. PAHs are 
stable molecules at ambient temperatures that 
can also volatilize, photolyze, oxidize, 
biodegrade or accumulate in organisms 
(ATSDR 1995). Multiple environmental 
factors, such as temperature, pH, oxygen and 
nutrient concentrations, as well as interactions 
with other chemicals can significantly affect 
their persistence and bioavailability (Bamfort 
and Singleton, 2005). Isomers with a lower 
molecular weight (two to three rings) are 
often acutely toxic to aquatic life, while more 
persistent and less soluble compounds with a 
higher molecular weight (four or more rings) 
are frequently found to be carcinogenic 
(Pikkarainen, 2004).  
 
Since PAHs preferentially adsorb onto 
sediment, aquatic organisms and piscivorous 
wildlife that spends time in or near sediments 
are more likely to be exposed to these 
chemicals. The bioavailable fraction of PAHs 
in sediment and pore water is of concern 
when assessing the risk to these ecological 
receptors. The age of PAH-contaminated 
sediments can also affect bioavailability, with 
freshly contaminated sediments being more 
bioavailable than aged sediments (Alexander 
2000; Volkering and Breure 2003). In 
addition, plant detritus may be an important 
sorbent for PAHs that can readily release 
PAHs into the water column or pore water 
(Rockne et al., 2002). Since PAHs occur in 
mixtures, display different mechanisms of 
toxicity, and are susceptible to transformation 
reactions, the joint actions of PAHs in 
mixtures and with other contaminants have 
been the subject of much research 
(Altenburger et al., 2003). Fish exposed to 
PAH contamination have exhibited chronic 
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effects, including fin erosion, liver 
abnormalities, cataracts, skin tumours and 
immune system impairments, leading to 
increased susceptibility to disease (ATSDR, 
1995). In addition, PAHs may cause 
biochemical effects in fish through the 
induction of mixed-function oxygenase 
enzymes (or cytochrome-P450), genetic 
effects through the formation of DNA 
adducts, potential reproductive toxicity, 
developmental effects to larval and juvenile 
fish, and potential behavioural effects (Akcha 
et al., 2003; Payne et al., 2003). Benthic 
invertebrates exposed to sediment-associated 
PAHs are susceptible to a number of 
detrimental effects, including inhibited 
reproduction, delayed emergence, sediment 
avoidance and mortality (ATSDR, 1995).  
 
The majority of PAH emissions in the modern 
world have an anthropogenic origin, while 
they can also be naturally formed during, for 
instance, volcano eruptions or forest fires 
(Hites et al., 1980). Based on their origin, 
PAHs can be classified as pyrogenic or 
petrogenic. Pyrogenic compounds are derived 
in the process of incomplete combustion of 
biomass, wood or fossil fuels at high 
temperatures. At the same time, petrogenic 
hydrocarbons are formed during fossil fuel 
creation processes at relatively low 
temperatures. Emissions from vehicle engine 
combustion and heating (coal and wood 
combustion) are amongst the most significant 
sources of the pyrogenic PAHs in urban areas, 
while petroleum leaks from car engines, 
asphalt leaching and industrial processes are 
often responsible for the petrogenic-derived 
contamination (Brandt and de Groot, 2001; 
Bamfort and Singleton, 2005; Neff et al., 
2005). Another significant source of PAHs is 
creosote, which was widely used for wood 
preservation and contains over 85% of 
aromatic compounds (Hyötyläinen and 
Oikari, 1999). PAHs have been described in 
the EU Water Framework Directive (2000) 
and included in the priority pollutants list for 
stormwater (Eriksson et al., 2007). The 
United States Environmental Protection 
Agency (USEPA) has also designated 16 
original PAH compounds as priority 
pollutants, which are often targeted for 
measurement in environmental samples, 
including our study. They are naphthalene, 
acenaphthylene, acenaphthene, fluorene, 
phenanthrene, anthracene, fluoranthene, 
pyrene, benzo(a)anthracene, chrysene, 
benzo(b)fluoranthene, benzo(k)fluoranthene, 
benzo(a)pyrene, dibenzo(ah)anthracene, 
benzo(ghi)perylene and indeno(1,2,3-
cd)pyrene (Figure 1). 
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Figure 1.  Structures of the US EPA's 16 priority pollutant polycyclic aromatic hydrocarbons 
(PAHs).
 
Figure 2. Structure of polychlorinated biphenyls (PCBs). 
 
1.2.2 Polychlorinated biphenyls (PCBs) 
 
Commercial PCBs are mixtures of synthetic 
organic chemicals that were widely 
manufactured and used for over 50 years from 
the 1930s onwards. The chemical formula of 
PCBs is C12H(10-n)Cln, where n is the number 
of chlorine atoms within the range 1–10 
(Figure 2). The class includes all compounds 
with a biphenyl structure (two benzene rings 
linked together) that have been chlorinated to 
varying degrees. Theoretically, 209 possible 
PCB congeners exist, but only about 130 are 
likely to occur in commercial products (Flynn 
and Kleiman, 1997). Typically, PCBs occur 
as mixtures of congeners, namely Aroclors. 
Aroclors are identified by a number (such as 
1254), with the last two digits representing 
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the percentage content of chlorine; higher 
Aroclor numbers reflect higher chlorine 
content (ATSDR, 2000). PCBs were 
commonly used as pesticides, dielectric fluids 
in transformers and capacitors, in heat transfer 
and hydraulic systems, in lubricating and 
cutting oils, as plasticizers in paints, in 
adhesives, in sealants, as flame retardants and 
in plastics (UNEP, 1999). PCB attributes 
include fire resistance, low electrical 
conductivity, high resistance to thermal 
breakdown, a high degree of chemical 
stability, and resistance to many oxidants and 
other chemicals. They are insoluble in water 
but easily dissolve in fats, hydrocarbons and 
other organic compounds (Dobson and van 
Esch, 1993; Fiedler, 1997).  These qualities 
make PCBs extremely useful in industrial 
applications, but also lead to significant 
impacts on the environment and human 
health.  
 
PCBs can be transported to surface waters via 
entrainment of contaminated soil particles in 
surface water runoff. In water, a small portion 
of PCBs will dissolve, but the majority will 
bind to organic particles and bottom 
sediments. Although PCBs have a strong 
affinity for sediment, small amounts of PCBs 
are released from sediments to water over 
time (ATSDR, 2000). Once in the water, 
PCBs are also taken up by small organisms 
and fish. PCBs may bioaccumulate in the 
fatty tissues of exposed animals and humans 
and biomagnify in the food chain 
(Ponnabalam, 1998; Neumeier, 1998; Fiedler, 
1997). PCBs have a relatively low vapour 
pressure. Despite their low volatility, PCBs 
do volatilize from both soil and water; 
furthermore, they possess extreme stability. 
Once re-emitted, PCBs can be transported 
long distances in air, and then redeposited by 
settling or scavenging by precipitation. This 
cycling process continues indefinitely and is 
referred to as the grasshopper effect. As a 
result, PCBs have been widely spread over 
the world and are present in a number of 
environments, including the Arctic and 
Antarctic (USEPA, 2001). 
 
Acute exposure to high PCB levels has been 
associated with skin rashes, eye irritation, 
pigmentation changes, disturbances in liver 
function and the immune system, irritation of 
the respiratory tract, headaches, dizziness, 
depression, fatigue and impotence. Chronic 
effects of low-level PCB exposure are 
reported to include liver damage, reproductive 
and developmental effects, and possibly 
cancer (Environment Canada, 1985). From 
the 1970s, the manufacturing and open uses 
of PCBs were gradually prohibited in the 
majority of developed countries (Sweden in 
1970; Japan in 1976, USA in 1976; Finland in 
the 1980s). Nowadays, PCB compounds are 
still found, for example, in old electric 
devices and buildings, from where they can 
leak, therefore contributing to urban-derived 
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contamination (Korhonen et al., 1997; UNEP, 
1999; Andersson et al., 2004). Due to their 
high persistence, PCBs are still commonly 
found in the environment, although often at 
significantly lower concentrations than earlier 
(Sun et al., 2007). 
 
1.2.3 Petroleum hydrocarbons 
 
Oil consumption has steadily increased during 
recent decades along with the growing 
demand for energy worldwide. The release of 
petroleum products into the environment is a 
serious and increasingly prevalent problem 
(Saari, 2009). Petroleum products are derived 
from crude oil by fractional distillation. In a 
simplified description of petroleum refining, 
crude oil is first distilled into different boiling 
range fractions, which are then further treated 
by a range of conversion, blending and 
additive treatment processes (Owen and 
Coley, 1990). A processed petroleum product 
is a highly complex mixture of thousands of 
different organic compounds, including 
paraffinic compounds (CnH2n+2), naphtenic 
compounds (cycloparaffines, CnH2n), olefinic 
compounds (alkenes, CnH2n), aromatic and 
polycyclic aromatic hydrocarbons (PAH), as 
well as heteroatom (N, O, S) containing 
organic compounds. In addition, it also 
contains small amounts of metals (e.g. Ni, V, 
Fe), as well as organometallic compounds 
(Forsbacka, 1996). The total number of 
compounds belonging to these structural 
classes of hydrocarbons is vast. It is estimated 
that the number of chemically distinct 
constituents in crude oil lies in the range of 10 
000–100 000 (Marshall and Rogers, 2004). 
Different crude oil sources usually have a 
unique hydrocarbon composition. 
Furthermore, due to differences in refining 
technologies and refinery operating 
conditions, each refining process has a 
distinct impact on the hydrocarbon 
composition of the product (Owen and Coley, 
1990; Uhler et al., 2001). Therefore, each 
petroleum product has its unique, product-
specific hydrocarbon pattern known as the 
chemical fingerprint of the petroleum product. 
The potential of gas chromatography for 
producing information on the product-specific 
hydrocarbon pattern has long been recognized 
by researchers in the field of petroleum 
hydrocarbon analysis (Kawahara and Yang, 
1976). The main fractions from fractional 
distillation are described in Table 1. 
 
The major part of petroleum hydrocarbon 
contamination is derived from the spillages 
related to the use and transportation of 
petroleum products. Spillages into the soil and 
water bodies usually occur through accidental 
surface spills or as a result of steady, slow 
release from leaking pipelines and 
underground storage tanks. At the same time, 
petroleum constituents in stormwater runoff 
pose a subtle but continuous threat to aquatic 
16 
 
ecosystems. Petroleum hydrocarbons in urban 
runoff from different land use sites have been 
reported to be primarily associated with used 
crankcase oil. The investigators found that the 
particulates in urban runoff were considerably 
enriched with crankcase oil compared to street 
dust, roadside soil and vegetation, and 
atmospheric deposition. One possible 
explanation for this is that the oil may be 
derived from wash-off of crankcase oil 
deposited by cars in the centre of the travel 
lanes and/or direct dumping of oil down storm 
drains (Brown et al., 1985; Latimer et al., 
1990).  
 
Table 1. Petroleum distillate fractions and their characteristics (Shell, 1983) 
Fraction Use Boiling range, °C Number of carbons 
Petroleum gas Heating < 40 C1 – C4 
Gasoline Heating fuel, motor  fuel production 40–200 C5 – C12 
Light distillates Manufacturing petrochemicals 200–300 C12 – C16 
Intermediate distillates Production of diesel, gas, petrochemicals  250–350 C15 – C18 
Heavy distillates Lubrication oil, grease, wax  300–370 C16 – C20 
Residues Bitumen, lubricating oils, heavy oils  >370 <20 
 
Much of what is known about the impacts of 
petroleum hydrocarbons in the aquatic 
environment comes from studies on 
catastrophic oil spills and chronic seeps (e.g., 
leaking pipelines) (NRC, 2003). Field and 
laboratory evidence has demonstrated both 
acute lethal toxicity and long-term sublethal 
toxicity of petroleum products to aquatic 
organisms. The long-term sublethal effects of 
oil pollution refer to interferences with 
cellular and physiological processes such as 
feeding and reproduction, which do not lead 
to immediate death of the organism (USEPA, 
1986). While the effects of oil and petroleum  
 
products have been unambiguously 
established in laboratory studies and after 
well-studied spills, determining the more 
subtle long-term effects on populations, 
communities and ecosystems at low doses and 
in the presence of other contaminants poses 
significant scientific challenges. 
 
Ecotoxicological responses are driven by the 
dose of petroleum hydrocarbons available to 
an organism, not the amount of petroleum 
released into the environment. Because of the 
complex environmental processes acting on 
the released petroleum, the dose is rarely 
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directly proportional to the amount released 
(NRC, 2003). Given these considerations, the 
ecological impacts of used oil in runoff 
discharges into receiving waters are difficult 
to establish (Mazur, 2006). The potential 
human health impacts from used oil present in 
stormwater runoff are likewise difficult to 
estimate. Individual chemical constituents in 
petroleum products are known to be toxic to 
humans under certain exposure conditions: 
some of the PAHs and metals present in 
lubricating oil have been shown to be 
carcinogenic in animal studies, and the 
adverse noncancer health effects of these and 
other constituents are well characterized 
(Huntley et al., 1995; Al-Mutairi et al., 2008; 
Tang et al., 2011; Wetzel and vanVleet, 
2004).  
 
2. AIMS OF THE STUDY 
 
Urbanization is known to have a number of 
significant effects on the surrounding 
environment. Amongst others, urban areas 
generate and release a great variety of man-
made chemical compounds, which can be 
potentially polluting and negatively affect 
adjacent ecosystems. Stormwater runoff, 
atmospheric transport and direct surface 
runoff are amongst most notable emission 
pathways. The objective of this research was 
to improve knowledge of the risks 
urbanization brings to the surrounding aquatic 
ecosystems, which would help to improve 
protection objectives. Similar projects have 
been carried out in many other countries, but 
in Finland, environmental research on 
urbanization impacts is still not highly 
developed. Our research concentrated on 
surface runoff and urban air as important 
emission pathways for urban-derived 
pollutants into an adjacent water body.  
 
The main aims of our work were: 
1. To evaluate the concentrations and 
distribution of hydrophobic organic 
pollutants in sediments and water from 
Lahti urban stormwater drainage and 
the adjacent boreal Lake Vesijärvi, as 
well as in air from the Lahti urban area 
and its vicinity 
 
2. To clarify the contribution of urban 
surface runoff and other urban sources 
to the contamination of the aquatic 
environment with hydrophobic organic 
pollutants  
 
3. To evaluate the ecotoxicity of urban-
derived contaminants in the Lake 
Vesijärvi sediments  and possible 
ecological risks they can bring to the 
aquatic ecosystem  
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3. MATERIALS AND METHODS 
 
A detailed description of the sampling 
locations and methods, materials, reagents 
and chemical analysis is presented in papers 
I–IV. The section below introduces the main 
points of the experimental setup and provides 
a brief summary of the methodology. 
 
3.1 Study site 
 
The study was conducted in the Lahti region 
and adjacent Lake Vesijärvi in southern 
Finland. Vesijärvi is a large interior lake, 
belonging to the Kymijoki water system. It 
has a surface area 109 km2, a length of 25 km, 
a catchment area of 515 km2 and an average 
depth of 6 m. Only 9% of the catchment is 
inhabited; approximately 150 000 people live 
in the area, with two-thirds of the population 
concentrated in the Lahti urban area. 
Industrialization and the discharge of poorly 
treated municipal wastewaters caused heavy 
contamination and eutrophication of the lake 
in the 1960s to 1970s. However, following the 
establishment of a wastewater treatment plant 
and a number of restoration projects, the 
condition of the lake has considerably 
improved. 
 
 
3.2 Sediment sampling 
 
Grab samples of surface sediments 
(approximately 10 cm) were taken from Lake 
Vesijärvi in June–October 2008 and from 
urban stormwater traps in April 2010. The 
sampling sites were selected to represent 
various degrees of urbanization. Lake 
sampling was accomplished starting from the 
vicinity of two highly urbanized stormwater 
drainage outlets, one moderately urbanized 
and one suburban outlet and the delta of the 
River Joutjoki. A gradient sampling 
methodology was implemented in order to 
trace changes in the concentrations of 
pollutants as a function of distance from the 
outlets and the urban shore. Samples were 
taken from 50 locations at distances of 25–
1,200 m from the outlets with intervals of 25–
500 m. A control sample was taken from a 
rural location, approximately 8 km from an 
urban shore (Figure 1, Paper I). The lake 
samples were estimated to represent 
sedimentation during the last decade. 
Stormwater trap solids were sampled at 15 
locations, including four car parks, three lawn 
areas and eight vehicle roads with high, 
moderate and low traffic intensity. Sediment 
was placed in a bucket and thoroughly mixed. 
The water layer and larger objects were 
discarded and the sediment was transferred to 
a 75-ml amber glass bottle. The samples were 
freeze-dried for 24 h and stored in a freezer at 
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−25 °C. Two parallel subsamples of each 
sample were analysed. 
 
3.3 Sampling of water and air with passive 
sampling devices (PSDs) 
 
PSDs with two different sizes were prepared 
from low-density polyethylene (LDPE) layflat 
tubing, cut into lengths of 48 (mini-PSDs 15) 
cm and cleaned by soaking overnight in 
hexane. One end of the tubing was sealed 
with a heat sealer and 0.4 (0.2) ml of triolein 
was placed inside as a thin layer. After that, 
150 (50) ng of the performance reference 
compound (PCB-30) was added to the tube 
and the other end was sealed. The final length 
of the lipid-filled part was 43 (10) cm, and the 
mass of the sampler was 2.3 (0.7) g. Prepared 
PSDs were stored at -20 °C and transported to 
the sampling site and back in screw-top glass 
bottles. 
 
Passive sampling of water was performed in 
June 2010 in Lake Vesijärvi and in water 
retrieved from the Lahti stormwater drainage 
system. Eight sampling sites representing 
different degrees of urbanization of the 
adjacent shore were selected in Lake Vesijärvi 
(Figure 1, Paper II). Larger PSDs were placed 
in metallic cages (three samplers per site) and 
fixed at a depth of about 1 m from the water 
surface for 26 days. Concentrations of organic 
pollutants in the liquid phase of urban runoff 
were monitored with mini-PSDs at three 
locations (urban, mid-urban, suburban). Water 
samples (8 litres each) were taken from 
drainage wells three times a week and 
transferred to metal containers in the 
laboratory. Control PSDs was exposed to tap 
water and treated similarly to the others. 
During the 21-day exposure, two mini-PSD 
samplers were placed in each container. 
Water was continuously circulated by an 
aquarium pump and replaced three times a 
week with a fresh sample. Twenty-four PSD 
samplers were employed during two air-
sampling campaigns (June and October 
2010). Six sampling sites, including a rural 
control, were chosen to represent different 
degrees of urbanization. Two parallel 
samplers per site were used. The samplers 
were placed in metallic containers, the open 
side facing downwards, and the exposure 
lasted 25 days in June and 29 days in October. 
After exposure, the samplers were removed 
from the water or air, wiped and rinsed with 
ethanol, placed into glass bottles and stored at 
-25 °C prior to analysis.  
 
3.4 Analysis methods and data handling 
 
The reagents and materials used in this study, 
along with sampling preparation methods, are 
described in detail in papers I–IV. Polycyclic 
aromatic hydrocarbons and polychlorinated 
biphenyls were analysed with gas 
chromatography – mass spectrometry on a 
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Shimadzu GC-MS-QP5000 equipped with an 
AOC-20i auto injector. Each sample was 
analysed for 16 PAHs (USEPA) and 28 
PCBs. The organic matter (OM) content of 
sediment samples was determined by a 
standardised loss-on-ignition method (SFS 
3008, 1990). The total organic carbon (TOC) 
and black carbon (BC) content were 
determined with an elemental analyser 
(LECO CNS-200) as described by Kukkonen 
et al. (2003) and Gustafsson et al. (1997). 
Petroleum hydrocarbons were analysed by gas 
chromatography – flame ionisation detection 
in the range C10 to C40 (standard method ISO 
16703). Ecotoxicological investigations were 
carried out according to the Biotox acute 
toxicity test utilizing the photobacterium 
Vibrio fischeri with a Sirius 1257 
Luminometer (equivalent to the standard 
Microtox® test).  
 
Total concentrations of both PAHs and PCBs 
were calculated as the sum of concentrations 
of individual compounds. Total 
concentrations of petroleum hydrocarbons 
were determined according to the ISO 16703 
(2004) method (Soil Quality – Determination 
of content of hydrocarbon in range C10 to C40 
by gas chromatography). Average values of 
the two parallel subsamples were used for all 
contaminants. Analytical results for the 
passive sampler devices were calculated as 
the concentration of target contaminant per 
PSD. The evaluation of ambient water and air 
concentrations was then performed according 
to equation (1) (Huckins et al., 1999): 
 
 CA = CPSDVPSD/RST (1) 
 
where CA  is the ambient concentration of the 
dissolved contaminant in water (ng/L) or the 
vaporized contaminant in air (ng/m3), CPSD is 
the concentration of the contaminant in the 
sampler (ng), VPSD is the volume of the 
sampler, RS is the sampling rate or the volume 
of water cleared per unit time by a standard 1-
g triolein SPMD (membrane + liquid), and T 
is the exposure time (days). Total PAH 
concentrations were calculated as an average 
of two parallel measurements (Appendix 1, 
Paper II).  
 
Results of the ecotoxicological testing were 
calculated using formulas 2 and 3: 
 
INH% = 100 – IT15*100/KF*IT0  (2) 
 
KF = IC15/IC0  (3) 
 
where INH is luminescence inhibition (%); 
IT0 and IT15 denote the intensity of the sample 
luminescence at the beginning of the test and 
at the end of the contact time (after 15 min), 
KF is a correction coefficient, and IC0 and 
IC15 are the intensity of the control sample 
luminescence at the beginning of the test and 
after the contact time. The following dilutions 
of each sample were prepared to allow 
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measurements of the half maximal effective 
concentration (EC50): 50%, 25%, 16.67%, 
12.5% and 8.33% (per cent of the original 
concentration). EC50 values were calculated 
using the Water Quality - Luminescent 
Bacteria Test (DIN 38412 Teil 34): EC50 
Bestimmung von TPT software program and 
were expressed as the percentage of the 
organic extract in the test media (v/v). 
 
Principle component analysis (PCA) was used 
to examine PAH source allocation and the 
two-tailed Spearman's rank-order test for 
correlation analysis between sediment and 
water contaminant concentrations and 
distance from the urban stormwater outlet.  
 
4. RESULTS AND DISCUSSION 
 
4.1 Contaminant concentrations and 
distribution in sediments from Lake 
Vesijärvi and Lahti stormwater well 
sediments 
 
The total concentration of petroleum 
hydrocarbons determined in our study ranged 
from below the limit of quantification 
(<LOQ) to 6200 mg/kg dry weight (dw) in the 
sediments from urban stormwater wells in 
Lahti (Table 1, paper III), and from <LOQ to 
1600 mg/kg dw in sediments sampled from 
Lake Vesijärvi (Supplement I, paper III). The 
total concentrations of 16 PAHs determined 
in our study ranged from <LOQ to 16 mg/kg 
dw in the lake sediments and from 0.1 to 8.5 
mg/kg dw in the urban runoff drainage solids 
(Online resource 1, paper I). The 
concentrations of 11 PCBs were on average 
one order of magnitude lower than the 
concentrations of PAHs, and varied from 
<LOQ to 0.3 mg/kg dw in the lake sediments 
and from 0.01 to 0.5 mg/kg in the stormwater 
trap sediments (Online resource 2, paper I).  
 
Concentrations of petroleum hydrocarbons 
(PHs) decreased significantly as a function of 
distance from the urban shore (r2 = 0.45, p = 
0.002). In the case of PCBs, a moderate but 
statistically significant decrease was found 
next to the urbanized outlet (r2 = 0.25, p = 
0.02), but not in midurban and suburban areas 
(r2 = 0.03, p = 0.4). At the same time, no 
significant changes in relation to the distance 
from either the urban or suburban shore was 
detected for PAHs (r2 = 0.01-0.1, p = 0.05–
0.7). However, the highest concentrations of 
contaminants were detected in samples from 
the vicinity of the urban shore in all the cases. 
This indicates that the urban impact is still 
one of the main reasons for elevated pollutant 
levels in Lake Vesijärvi sediments, but other 
contamination sources (e.g. direct surface 
runoff, atmospheric deposition and boat 
traffic) are likely to be present and contribute 
significantly to the contamination of the lake 
sediment. Similar levels of PAHs have been 
detected in sediments from other mid-sized 
Nordic urban areas, while significantly higher 
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concentrations have been determined in larger 
cities. Their concentrations have also been 
found to correlate with traffic intensity, 
similarly to our study (Cornelissen et al., 
2008; Jartun et al., 2008). Lake bottom 
dynamics, determining the fate of sediments 
after primary deposition on the lake bed, i.e. 
resuspension, entrainment, turbidity currents 
or wind/wave influences, may also affect the 
geographical distribution of contaminants. 
Pollutants appear predominantly in the fine, 
organic-rich deposits characteristic of 
accumulation areas, while in transportation 
areas, where resuspension and erosion 
processes are notable (i.e. due to the effect of 
stormwater runoff near the outlets), and the 
variation in contamination may be large 
(Håkansson and Jansson, 1983). 
 
Total PAH concentrations in the stormwater 
trap sediments were similar to or slightly 
lower than those in lake sediments, while 
concentrations of petroleum hydrocarbons in 
urban drainage were several times higher than 
in the lake. The size of particles also plays an 
important role in the distribution of organic 
compounds, which tend to adsorb more 
strongly onto smaller-sized particles (Klamer 
et al., 1990). Particles of a larger size are 
likely to sediment and accumulate in traps, 
while smaller particles, enriched in adsorbed 
pollutants, are more easily flushed with runoff 
and carried to the outlets of storm drains 
(Deletic et al., 2000). This might explain why 
the concentrations of hydrophobic pollutants 
in stormwater drainage in urban areas are 
lower than or at the same level as in some 
lake sediment samples. Concentrations of PHs 
in stormwater well sediments were 
significantly correlated with traffic intensity 
on the local road (r2 = 0.36; p = 0.03), but not 
with the general degree of urbanization (r2 = 
0.06; p = 0.4). If only samples from the 
intensive traffic areas (relative intensity 4–11, 
Table 1, paper III) were taken in the account, 
the correlation was even more significant (r2 = 
0.90, p < 0.01). Concentrations of PAHs, in 
contrast, were found to correlate with the 
general degree of urbanization, but not with 
local traffic intensity. This correlation, 
however, was only present in intensive traffic 
areas (r2 =0.49, p = 0.04). The OM content 
was determined to be 10.5 ± 3.4% (average 
value ± standard deviation, dw) in lake 
sediment samples and 9.5 ± 3.1% in 
stormwater trap sediments. The average TOC 
content in lake sediment samples was 4.8 ± 
1.7%, and the average BC content was 0.28 ± 
0.1%. The TOC contents in lake sediments 
were moderately correlated with contaminant 
concentrations, while OM and BC were not. 
The OM, TOC and BC contents were not 
correlated with each other, either. 
Hydrophobic pollutants are widely known to 
accumulate mainly in the organic matter 
fraction of the sediments, while in our 
research the correlation was relatively weak 
(r2 = <0.001–0.37; p = <0.01–0.87). This 
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could be due to the low concentrations of 
pollutants, when the amount and therefore the 
sorption potential of organic carbon is high 
and does not limit the accumulation of the 
contaminants. 
 
In the case of PCBs, stormwater trap 
sediments often contained even lower 
contaminant levels than lake samples, which 
suggests a more complicated transport model 
including alternative sources (e.g. direct 
surface runoff, atmospheric deposition and 
former industrial activities in the vicinity of 
the lake). Stormwater wells sediments are 
regularly removed, which may explain the 
lower pollutant amounts. Concentrations of 
PCBs did not significantly correlate with 
either the general urbanization degree or the 
local traffic intensity. This indicates that 
vehicle traffic is not a major source of PCBs 
in the Lahti urban area and its vicinity. 
Concentrations of PCBs, determined in the 
Lahti area were comparable to those found in 
the harbour sediments of larger Nordic cities 
such as Oslo and Bergen, but significantly 
higher than those from a smaller one 
(Cornelissen et al., 2008; Jartun et al., 2008). 
This suggests that an unknown local source 
(or sources) of PCB emissions, affecting both 
stormwater drainage and lake sediments, is 
present in Lahti urban area.  
 
 
 
4.2 Contaminant concentrations and 
distribution in the water and air  
 
Concentrations of PAHs and PCBs were 
investigated in water and air of the Lahti 
urban area and Lake Vesijärvi with the help of 
a passive sampling technique. Dissolved 
concentrations of PAHs in Lake Vesijärvi 
varied from 1 ng/L in suburban and rural 
areas to almost 3 ng/L in the vicinity of the 
urban shore. PAH concentrations in lake 
water were found to be notably higher in 
urbanized than in mid- and suburban areas, 
and also declined significantly with distance 
from the urban stormwater outlet (n = 7, r2 = 
0.96, p < 0.01). A similar tendency was also 
observed in Lahti stormwater drainage, where 
the highest concentration was observed in the 
urbanized area (18 ng/L), followed by 
midurban (8 ng/L) and suburban (3 ng/L) 
locations. Water samples were analysed for 
16 PAHs (EPA), but only eight of them were 
detected (Table 1, paper II). All the quantified 
compounds contained two to four aromatic 
rings. Five- and six-ringed PAHs are mostly 
associated with particulate matter and 
obviously did not accumulate to detectable 
concentrations in the PSDs. Individual PAH 
fingerprints in samples taken from the Lake 
Vesijärvi water column did not demonstrate 
significant changes in relation to the location 
or distance from the urban shore with the 
exception of the rural sampling site, which 
indicates that PAH input sources in urban and 
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rural areas are different and should be 
considered separately.  
 
PCB concentrations in Lake Vesijärvi (from 
below LOQ to 0.4 ng/L) and stormwater wells 
(0.54 ng/L in urbanized area, <LOQ in other 
locations) were considerably lower compared 
to those of PAHs.  The concentration of PCBs 
in stormwater from the urban location was 
approximately 1.5 times higher than in the 
lake samples near the urban shore. The PCB 
content of Lake Vesijärvi water did not show 
a clear gradient with increasing distance from 
the urban shore (r2 = 0.07, p = 0.55). The PCB 
concentration in the rural control area was 
<LOQ. This indicates that the Lahti urban 
area plays a notable role in the contamination 
of Lake Vesijärvi with PCBs. However, PCBs 
often originate from local sources (e.g. 
leaching from old buildings and electrical 
equipment). Therefore, if the vicinity of the 
sampling site lacked these sources, 
concentrations in the studied samples would 
be lower, despite the urban location. Water 
samples were analysed for 28 PCBs, but only 
three congeners were detected (PCB-101, 
PCB-138 and PCB-153). This pattern is 
comparable with the fingerprint of 
commercial mixtures of Aroclor (Aroclor 
1242, 1254 and 1260) that were used, for 
instance, in paint manufacturing.  
 
The total atmospheric concentrations of 
gaseous PAHs in air varied from 6 ng/m3 to 
11 ng/m3 in the summer, and between 17 and 
50 ng/m3  in the autumn, indicating a 
significant difference between seasons 
(Wilcoxon's signed-rank test: W = 21, n = 6, p 
= 0.025). It has previously been shown that in 
mid-sized urban areas with moderate traffic 
and impervious surface coverage (including 
Lahti), emissions from fossil fuel combustion 
such as domestic heating contribute more to 
PAH air concentrations, leading to higher 
winter concentrations (Liu et al., 2006; Ma et 
al., 2010; Melymuk et al., 2012) while in 
larger cities the opposite trend can be found 
(Gustafson and Dickhut, 1997; Melymuk et 
al., 2012). In our study, contaminant 
concentrations during both seasons 
significantly correlated with traffic intensity 
on the local road (r2 = 0.8–0.9, p = 0.015–
0.036), but not with the general urbanization 
degree. PCBs were not detected in the air 
samples.  
 
4.3 Sources of hydrophobic organic 
contaminants in the Lahti urban area 
 
4.3.1 Polycyclic aromatic hydrocarbons 
 
PAHs are known to derive from both natural 
and anthropogenic sources and may originate 
from combustion processes (pyrogenic) or 
petroleum leaks (petrogenic). As has 
previously been described, the origin of PAHs 
can be determined from the ratio of certain 
isomers (Budzinski et al., 1997; Gschwend 
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and Hites, 1981). PAHs with molecular 
masses of 178 (phenanthrene and anthracene) 
and 202 (fluoranthene and pyrene) are most 
often used to differentiate between petroleum 
and combustion sources. Other isomer ratios, 
including benzo(a)anthracene, chrysene, 
indeno(1,2,3-cd)pyrene, benzo(ghi)perylene, 
are less frequently used, but may be most 
applicable to urban areas (Yunker et al., 
2002). The reliability of this source 
appointment method is challenged by 
numerous uncertainties (Galarneau, 2008; 
Ravindra et al., 2008; Dvorska et al., 2011). 
Individual sources of PAHs are themselves 
often subject to variations, while PAH ratios 
examined at sites distant from sources may be 
altered due to environmental chemical 
reactions (Esteve et al., 2006; Perraudin et al., 
2007; Kim et al., 2009). However, the 
applicability of the diagnostic PAH ratio was 
found to be satisfactory for samples taken 
within a short distance from a distinctive 
source (Dvorska et al., 2011). In our study, 
the majority of the sampling sites were 
situated within 1 km from the urban area. 
Asphalt leaching, traffic emissions and 
domestic heating during the cold season are 
the main distinctive sources to which urban-
derived PAH contamination is often 
attributed. Therefore, we can expect that PAH 
diagnostic ratios are applicable for reliable 
source appointment in our case. 
 
 
Taking into account the local conditions in the 
Lahti area, several PAH sources were 
considered in our research. The following 
PAH source profiles were obtained from 
different literature sources: gasoline 
combustion, diesel combustion, coal 
combustion at power plants, traffic tunnel air 
(Li et al., 2003), forest fires (Burns et al., 
1997), asphalt (Brandt and de Groot, 2001), 
leaching of coal tar (Mahler et al., 2005) and 
creosote (Kohler et al., 2000), tire wear 
(Boonyatumanond et al., 2007), and 
crankcase oil leaks (Wang et al., 2000). 
Combustion emissions of wood and 
petroleum products have a rather similar 
content all over the world and can therefore 
be easily compared with data from other 
regions. At the same time, the chemical nature 
of road pavements (asphalt and coal tar) and 
creosote can vary to some extent due to 
differences in local production techniques and 
materials.  Since no data were available for 
the Lahti region, average values were 
calculated from the results of previous 
research in other countries (Brandt and de 
Groot, 2001; Mahler et al., 2005; Kohler et 
al., 2000). Principal component analysis 
(PCA) was used to determine the sources of 
PAHs in the sediments of Lake Vesijärvi and 
urban stormwater traps from the Lahti area. A 
PCA score plot for two principal components 
was created (Figure 3). Asphalt leaching was 
determined to be a major source of PAHs in 
the urban stormwater traps of our study. 
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Figure 3. Regression factor score plot for two principal components, comparison of experimental 
and literature data: 1–50 – lake sediments; 51–65 stormwater trap sediments. 
 
However, the majority of lake sediment 
samples and a few stormwater trap samples 
were found to derive from pyrogenic sources, 
including diesel soot, traffic tunnel air, coal 
soot, coal tar and creosote, but further 
distinction between them was complicated. 
Creosote and coal tar plotted slightly further 
away from the main group of samples than 
combustion soot, which suggests that traffic 
and coal combustion are the main sources of 
anthropogenic PAHs in the Lake Vesijärvi 
sediments. Amongst the stormwater traps, 
those located on car parks and roads with a 
high or moderate traffic intensity plotted 
around the asphalt source in PCA. 
Conversely, sediments from traps located in a 
green area and on roads with a low traffic 
intensity plotted together with lake sediment 
samples (Figure 3). This difference indicates 
that intensive traffic leads to a significant 
increase in asphalt leaching and wear off and 
therefore becomes the most important local 
source.  However, asphalt-derived PAHs 
appear to accumulate in stormwater traps and 
are not carried effectively to the lake 
sediment, probably due to the large size of 
asphalt particles. Overall, the PCA score plot 
illustrated a strong predominance of 
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combustion originated (pyrogenic) PAHs in 
the Lake Vesijärvi sediments, but further 
separation of specific pyrogenic sources was 
not achievable. 
 
Several studies investigating PAH 
concentrations in sediments have been 
conducted in other Nordic urban locations 
(Cornellisen et al., 2008; Jartun et al., 2008). 
For instance, total concentrations of PAH16 
in the Oslo Harbour sediments were 12–18 
mg/kg dw, which is significantly higher than 
in Lake Vesijärvi (up to 15 mg/kg dw, but 
95% under 10 mg/kg dw). However, sediment 
from the smaller harbour of Drammen 
contained approximately the same amount of 
PAH16 as Lake Vesijärvi (on average 2.5 and 
3.8 mg/kg dw, respectively). Stormwater trap 
sediments from the Norwegian city of Bergen 
(about 200,000 inhabitants) contained 
significantly higher PAH16 concentrations 
than those from the Lahti area (<LOQ–80 
mg/kg dw in Bergen vs. 0.05–4 mg/kg dw in 
Lahti). 
 
For PAH source allocation in the Lake 
Vesijärvi water column, stormwater and air 
from the Lahti urban area, PCA could not be 
conducted due to the low number of isomers 
determined in the samples. Therefore, isomer 
ratios PHEN/ANT and FLR/PYR were 
compared for this purpose (Sicre et al., 1987; 
Wise et al., 1988; Benner et al., 1989). PAHs 
in stormwater samples were found to 
predominantly derive from a petrogenic 
source (PHEN/ANT > 10, FLR/PYR < 1), 
presumably asphalt leaching, while in the 
majority of the lake samples the PAHs were 
from fuel combustion sources (PHEN/ANT < 
10, FLR/PYR > 1). The only exception was 
lake sample from the vicinity of the urban 
shore, in which PAHs originated from a 
petrogenic source, presumably due to the 
effect of stormwater discharge. Therefore, 
stormwater discharges from the Lahti urban 
area do not appear to significantly affect the 
contamination of Lake Vesijärvi waters with 
PAHs, with the exception of the immediate 
vicinity of stormwater outlets. A similar 
tendency has previously been observed for 
Lake Vesijärvi sediments (Honkonen and 
Rantalainen, 2013). Isomer profiles of total 
PAHs in the atmosphere of Lahti urban area 
indicated a predominance of pyrogenic inputs 
during both investigated seasons (Figure 3, 
paper II). Therefore, urban-derived PAHs, 
being predominantly of pyrogenic origin, are 
emitted into the air and are rather evenly 
distributed over the Lahti urban area and 
surroundings, followed by partial deposition 
into Lake Vesijärvi. PAH isomer profiles of 
both water and air rural control samples 
differed considerably from those taken in the 
urban area, therefore indicating a different 
origin of contamination. 
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4.3.2 Polychlorinated biphenyls 
 
Individual congener profiles of PCBs in 
sediments and water from both Lake Vesijärvi 
and Lahti stormwater drainage showed a 
predominance of congeners 101, 138, 153 and 
180 (Figure 5, paper I). In water samples, 
only three of those were determined (PCB-
101, 138 and 153). Concentrations of PCBs 
did not correlate with traffic intensity or the 
urbanization degree, which indicates that 
vehicle traffic is not amongst their major 
sources in the Lahti urban area. Previous 
research has shown that local sources, 
including leaching from old buildings and 
electrical equipment, can significantly 
contribute to the PCB contamination in urban 
areas (UNEP, 1999; Andersson et al., 2004), 
including Lahti, even though there is no 
evidence of their continued open use. 
Therefore, if the vicinity of the studied areas 
lacked significant sources of PCBs, their 
concentrations were consequently low.  
Similar profiles were obtained from both 
sediment and water samples in the Lahti 
urban area, as well as Swiss urban runoff 
(Rossi et al., 2004), River Alna in Oslo (Allan 
and Ranneklev, 2011) and Dungeness crabs 
from the West Coast of British Columbia 
(Ikonomou et al., 2002). This suggests that 
alternative contamination pathways (direct 
surface runoff, atmospheric deposition and 
former industrial activities in the vicinity of 
the lake) should also be considered.  
4.3.3 Petroleum hydrocarbons 
 
Lubricant oil and fuel leaks are known 
sources of petroleum hydrocarbons in urban 
areas, which may further accumulate in the 
exposed sediments of adjacent water bodies. 
Petroleum hydrocarbons in urban runoff from 
different land use sites have been reported to 
be often associated with used crankcase oil. 
The investigators found that the particulates 
detected in runoff were considerably more 
enriched in crankcase oil than street dust, 
roadside soil, vegetation and atmospheric 
deposition (Brown et al., 1985; Latimer et al., 
1990). However, the results of our study 
indicate that other sources also play an 
important role in the contamination of the 
sediments from stormwater wells and Lake 
Vesijärvi. The appearance of chromatograms 
obtained from the majority of stormwater well 
solid samples (Figure 3b, paper III) was very 
similar to the asphalt extract sample (Figure 
3c, paper III), containing significant amounts 
of the heavy hydrocarbon fractions (nearly 40 
carbons). Concentrations of petroleum 
hydrocarbons in stormwater wells were also 
notably higher than in Lake Vesijärvi and 
were predominantly attributed to the heavier 
fraction. Aqueous leaching and spreading of 
asphalt particles abraded from the roads was 
found to be notable, especially in the Nordic 
conditions (Munch, 1992; Carlsson et al., 
1995; Lindgren, 1996). This process 
considerably contributed to the contamination 
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of the surrounding soil with PAHs (Munch, 
1992; Sadler et al., 1999; Honkonen and 
Rantalainen, 2013). The exact composition of 
asphalt is dependent on the chemical 
complexity of the original crude petroleum 
and the manufacturing process. Therefore, it 
varies greatly and can hardly be fully 
analysed. This suggests that a variety of the 
asphalt components, which are not taken into 
account by standard analytical methods (e.g. 
highly branched alkanes or alkenes), can be 
leached or abraded from roads and 
contaminate urban runoff sediments.  
 
The majority of the Lake Vesijärvi sediment 
samples were not found to contain heavy 
petroleum fractions. Only a few samples from 
the vicinity of the stormwater outlets (within 
100 metres from the shore) demonstrated the 
presence of heavier compounds, although in 
significantly lower amounts compared to 
stormwater well sediments (Figure 3d). In 
contrast, crankcase oil products were 
frequently detected in Lake Vesijärvi 
sediments, although their amounts were low. 
Therefore, the impact of leaching from 
asphalt is mainly limited to stormwater 
drainage sediments and the immediate 
vicinity of the urban shore. A similar trend 
was observed for PAHs in water and 
sediments from the Lahti urban area and Lake 
Vesijärvi. Obviously, large asphalt particles 
tend to accumulate in stormwater wells and 
are not effectively transported in urban 
drainage, while lighter petroleum distillates 
(fuel and motor oil, as well as their 
combustion products) are more effectively 
transported out of the city and distributed in 
the Lake Vesijärvi ecosystem. Differences in 
sediment grain size and accumulation in the 
stormwater wells and deep regions of the 
lake, as well as regular cleaning of stormwater 
wells, may also affect the distribution of the 
contaminants. The moderately intensive 
recreational boat traffic on Lake Vesijärvi 
should also be taken into account as a 
possible source of oil and fuel leakages. 
 
Concentrations of petroleum hydrocarbons 
determined in the Lake Vesijärvi sediments 
were of a similar level to the results from 
previous studies in freshwater and marine 
environments in Europe (Wetzel and 
VanVleet, 2003; Ou et al., 2004; Ye et al., 
2007), ranging from 102 to 103 mg/g.  
Moreover, they were notably lower than 
concentrations produced by large acute oil 
spills (103–105 mg/g; Burns et al., 1994; 
Bragg et al., 1994).). Occasionally, samples 
from the vicinity of the Lahti urban shore 
contained pollutant amounts of over 1000 
mg/kg dw, comparable with heavily polluted 
sites in China and the USA (Wakeham and 
Carpenter, 1976; Ou et al., 2004; Ye et al., 
2007). 
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4.4 Ecotoxicological impacts of polluted 
sediments 
 
4.4.1 Toxicity gradients 
 
Water extracts and porewater caused an 
increase in bacterial luminescence, probably 
due to high nutrient concentrations. This 
made it impossible to determine the 
percentage inhibition of luminescence and 
EC50 values for these sample fractions. 
Organic extracts of sediments from 
stormwater traps located in pedestrian or light 
traffic areas demonstrated on average 
significantly lower toxicity (EC50 30–33%) 
than those in the areas with intensive traffic 
(EC50 10–13%). This suggests that traffic in 
the Lahti urban area contributes significantly 
to the toxicity of the stormwater trap 
sediments. The toxicity of the stormwater trap 
sediments from areas with intensive traffic 
was on average significantly higher than in 
Lake Vesijärvi sediments (EC50 7–41%). At 
the same time, stormwater trap sediments 
from light traffic and pedestrian areas were 
significantly less toxic compared to lake 
sediments. However, there was no clear 
toxicity gradient with distance from the urban 
shore, although two highest EC50 values were 
obtained from the samples near the urban 
shore (Figure 1, paper IV). Even though 
previous research has shown that stormwater 
runoff may significantly affect the toxicity of 
the adjacent natural sediments (Hatch and 
Burton, 1999; Carr et al., 2000; Bay et al., 
2003; Catford et al., 2007), our findings 
suggest that this is not the case in the vicinity 
of the Lahti urban area. The toxicity of the 
few lake sediment samples from the 
immediate vicinity of the urban shore was 
comparable to the stormwater trap sediment 
toxicity; however, further away from the 
shore, no impact of urban surface runoff 
could be determined. This is consistent with 
the results of studies on Lake Vesijärvi 
contamination with hydrophobic organic 
pollutants (PAHs, PCBs, oil hydrocarbons), 
described above. Even though the 
concentrations of contaminants analysed were 
often significantly higher in stormwater trap 
sediments, they did not appear to be 
effectively transported to Lake Vesijärvi. 
 
4.4.2 Correlations with contaminant 
concentrations in sediments 
 
Urban-derived contaminant mixtures are 
known to contain a wide variety of the 
chemicals (Ellis, 2000). Therefore, it may be 
complicated to determine the impact of 
individual compounds on the whole sample 
toxicity. However, a moderate relationship 
between concentrations of PAHs and PHs and 
the toxicity of the sediments from the Lahti 
urban area and Lake Vesijärvi was determined 
in our study (Table 2). 
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Table 2. Correlations of hydrophobic organic contaminant concentrations and the toxicity of 
sediments determined in our study. LMW PAH – low molecular weight PAHs (1–4 rings), HMW 
PAH – high molecular weight PAHs (>4 rings). 
Sediment type Compound type Correlation coefficient (r2) Significance level (p) 
Lake Total PAHs 0.26 0.03* 
Lake LMW PAHs 0.25–0.36 0.01–0.04* 
Lake HMW PAHs 0.09–0.16 >0.05 
Stormwater wells Total PAHs 0.36 >0.1 
Lake Total PCBs  0.04 >0.1 
Lake and stormwater wells Total PHs  0.49 <0.01* 
* - Significant correlation (p< 0.05) 
The moderate concentration–toxicity 
relationship found for the lake Vesijärvi 
sediments appears to be in agreement with the 
results of previous research (Eom et al., 2007, 
Hartnik et al., 2007, Jakobs et al., 1993). The 
absence of a correlation for stormwater well 
sediments may be explained by the notable 
impact of other contaminants, e.g. metals 
present in urban drainage, but not taken into 
account in our study. Various classes of 
contaminants, including metal ions, 
pharmaceuticals, current-use pesticides, 
alkylphenol ethoxylates, perfluorinated 
surfactants, flame retardants, and chlorinated 
paraffins, are known to be present in urban 
areas and to pose significant ecotoxicological 
risks to the adjacent water bodies and 
sediments (Critto et al., 2005; Fernandez et 
al., 2005; Klecka et al., 2010; Serafim et al., 
2013). It should also be taken into account 
that a limited number of PCB congeners and 
only parent PAH homologues (EPA16) were 
investigated in this study.  At the same time, 
alkylated PAHs have been shown to be more 
abundant and persistent (Barron and Holder, 
2003; Hawthorne et al., 2006), as well as 
more toxic to aquatic life (Fallahtafti et al., 
2012) than their non-alkylated homologues.  
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4.5 Evaluation of the potential urban 
impact on Lake Vesijärvi ecosystems 
 
Contaminant concentrations obtained in our 
work were compared with the environmental 
threshold values for contaminated sediments 
defined in Finnish and international 
guidelines. The concentrations of several 
individual PAHs in sediments, including 
anthracene, fluoranthene and 
benzo(ghi)perylene + indeno(1,2,3-cd)pyrene, 
exceeded the threshold values (Mannio et al. 
2011) in six samples. At the same time, total 
PCB concentrations exceeded the threshold 
values given in the Contaminated Soil 
Guidelines of the Finnish Environment 
Institute in 20% of samples, as well as the 
Environmental Assessment Criteria (EAC) 
developed by the OSPAR (Convention for the 
Protection of the Marine Environment of the 
North-East Atlantic) Co-ordinated 
Environmental Monitoring Programme 
(CEMP) and effect range low (ERL) 
threshold by USEPA in more than 90% of the 
samples. Concentrations between the ERL 
and ERM (effect range medium) values 
represent a possible effect range within which 
effects would occasionally occur. However, 
the ERM threshold was not exceeded in any 
samples, indicating medium ecotoxicological 
risks caused by the Lahti urban area. Soil 
guidelines were applied, because to our 
knowledge guidelines for sediments are not 
available. Furthermore, all sediment samples 
with elevated concentrations of PAHs (4–16 
mg/kg dw) and PCBs (0.1–0.5 mg/kg dw) 
were located in the vicinity of urban 
stormwater outlets and the River Joutjoki 
delta, up to 500 m from the shore. This 
indicates that the impact of the Lahti urban 
area on the contamination of Lake Vesijärvi 
sediments with PAHs and PCBs is limited to 
approximately 500 m from the urbanized 
shore. Dissolved concentrations of the 
individual PAHs and PCBs in the water 
column of Lake Vesijärvi were significantly 
lower than the international guideline values 
(USEPA, 2009), while guidelines for PAH 
concentrations in the ambient air are usually 
related to the amount of benzo(a)pyrene, 
which was not detected in our study, and a 
comparison could not therefore be conducted. 
Furthermore, the concentrations of petroleum 
hydrocarbons determined in Lahti urban 
drainage and Lake Vesijärvi sediments were 
found to frequently exceed the Finnish 
environmental threshold values for 
contaminated soils in the case of sensitive and 
normal land use.  They also in many cases 
exceeded the Chinese guideline for marine 
sediments (500 mg/kg dw; National Standard 
of China, 2002) and Dutch target values for 
soils/sediments (50 mg/kg dw; Dutch target 
and intervention values, 2000). According to 
these results, the load of petroleum 
hydrocarbons produced in the Lahti urban 
area poses a notable risk to the Lake Vesijärvi 
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ecosystem. Sediment toxicity in both lake and 
stormwater well sediments was moderately 
correlated with PAH and PH concentrations, 
but no clear toxicity gradient with distance 
from the urban shore was found. (Figure 1, 
paper IV). 
 
5. CONCLUSIONS 
 
This research indicated that the Lahti urban 
area creates a considerable burden of 
hydrophobic organic contaminants in the 
sediments of Lake Vesijärvi. The 
concentrations of PAHs, PCBs and PHs in the 
lake sediments tended to decrease as a 
function of distance from the urban shore and 
stormwater outlets. At the same time, 
concentrations of PCBs in the lake water 
column did not show a gradient with distance 
from urban shore, unlike PAHs and PHs, 
which had a similar tendency as in the 
sediments. 
 
PAHs in the majority of stormwater trap 
sediment samples were found to originate 
from asphalt abrasion, while in all of the lake 
sediment samples they were found to be 
combustion-derived. Furthermore, 
contamination of Lake Vesijärvi sediments 
with PHs was predominantly attributed to 
motor oil and diesel leakages, while 
stormwater well sediments were 
predominantly affected by asphalt abrasion. 
This suggests the relative importance of other 
contamination pathways than stormwater, 
including boat traffic and atmospheric 
deposition. It was also found that urban-
derived pyrogenic PAHs are transported out 
of the city, predominantly by atmospheric 
transport, and are rather evenly distributed 
over the urban area and surroundings of Lahti, 
followed by partial deposition into Lake 
Vesijärvi. This suggests that the impact of 
surface runoff from the Lahti urban area on 
the contamination of Lake Vesijärvi 
sediments and water column with 
hydrophobic organic pollutants is limited to 
the immediate vicinity of the urban shore. The 
toxicity of the sediments, determined with the 
luminescence bacteria test, was found to be 
lower in Lake Vesijärvi than in the 
stormwater wells; however, no clear gradient 
with distance from the urban shore was found. 
This confirms our finding that stormwater 
runoff from the Lahti urban area does not 
effectively spread urban-derived contaminants 
and their related toxicity into the Lake 
Vesijärvi ecosystem. 
 
Environmental threshold concentrations for 
PAHs, PCBs and PHs described in Finnish 
and international standards were frequently 
exceeded in the sediment samples from the 
vicinity of the urban stormwater outlets 
(under 500 m from the shore), but not in the 
Lake Vesijärvi water column.  Furthermore, 
the ecotoxicity of both lake and stormwater 
well sediments was found to often correlate 
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with the organic contaminant content of the 
samples (PAHs and PHs). PCBs, despite their 
lower absolute concentrations, exceeded 
environmental thresholds for sediments much 
more frequently than PAHs. Therefore, they 
appear to present a higher risk to the aquatic 
environment. At the same time, the petroleum 
hydrocarbon load was found to pose serious 
risks to the Lake Vesijärvi ecosystem. This 
indicates that hydrophobic organic pollutants 
are important contributors to the 
contamination of Lake Vesijärvi sediments, 
and their inputs should be regularly monitored 
in order to avoid the possible degradation of 
lake sediment and water quality.  
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